
I. EXECUTIVE SUMMARY

A. Project Title: Mercury fluxes in the Cache Creek ~vatersh~d: characteriration of mercury
spe~iatfon and transporf frnm mine wastes, mine drainages, and natural sources.

Applicants: James J. Rytubu, Charles N. Alpers, Gordon E. Brown, Jr., George A. Parks, Ron
Churchill, Trude V. King, Christopher S. ~ Howard E. Taylor, David A. Roth

B. Project Description and Primary Biological/Ecological Objectives: This project addresses the
issue of water quality and specifically mercury as an ecosystem stressor on aquatic species in the Bay-
Delta. We propose to characterize the spatial distribution and mercury speciation in mercury mine
wastes, mercury mine drainages, and natural sources such as thermal springs in the Cache Creek
watershed (Fig. 1) that ir~act the downstream loading of mercury into the Bay-Delta and uptake of
mercury by fish. This two-year Phase I effort is u-nportant in developing scientifically based mitigation
and remediatinn strategies at mercury mine sites and areas of naturally elevated mercury in order to
implement Phase 2 remediation and mitigation to decrease the flux of mercury species that impact
fisheries from these contaminated sites. Continued monitoring of ecosystem benef~s from remediation
and mitigation will represent Phase 3 of the project.

C. Approach/Tasks/Schedule: The approach for Phase 1 of this project will be implemented as eight
tasks. Task I delineates the location and spatial distribution of mercury mine wastes and estimates
residual amounts of mercury re~ in mine wastes and undeveloped mercury sources using
historical data and aerial photography. A map and description of mine wastes is for the wate~ad. Task
2 uses akburne imaging spectroscopy (AVIRIS) and hand held imaging spectroscopy to map the
distribution of processed mine wastes using mineral species such as hydrous ferric oxides coatings on
mercury mine railings (calcines). AVI’R!S data will be processed to also delineate thermal areas and
other natural sources of mercury. AVIRIS and Task 1 maps are combined to provide a comprehenaive
watersh~ map of mercury contaminated materials and sources. Task 3 characterizes the physical
properties, mercury content, mad mercury stx:ciatinn (in conjunction with Task 4) of the ~us t]~pes
of solid mine wastes, mercury mine drainage waters and sediments, thermal waters, and undeveloped
mineralized areas. The relative contribution of these sources to the total mercury flux from the Cache
Creek watershed is quantified. Task 4 involves a detailed micro-analytioaJ study of tbe specialion of
mercury in mine railings. This task will employ detaged spectroscopic and laburatory studies of both
natural and synthetic san’goles to examine physicochemical factors that control the mobility of n~rcary in
aqnatic systems, including so~tion, precipitation, desorption, and dissolution. Sorption and deserption
of mercury from hydrous ferric oxides are both important processes because sorhed mercia3, in rt,~ne
wastes is associated with these oxides. Task S eatabiishes gaging stations at critical sites in the
watershed in order to establish Task 6 monitoring of fluxes of mercury species from the watershed
through a scheduled sampling and analysis program, Task 7 documents the ground water at mercury
contaminated sites and Task 8 provides a protocol for the assessment of mine sites and natural sources
in other mercury impacted watersheds.

D. Justification for Project and Funding by CALFED:
Mercury mines, mine drainages, and natural geologic sources such as thermal springs and bedrock with
elevated mercury content arc major sources for n~rcary introduced into watersheds and the Bay-Delta.
Because of this widespread distribution of mercury, every region of the Bay-Delta is affected by this
contaminant and both the priority habitats and priority species identif~d by CALFED are impacted by
mercury. Several California agencies have identified mercury as a contaminant of major concern to
aquatic species and to hun’~ats. The formation of methyhaercary in a variety of habitats is of primary
ecological concern because of the uptake of this toxic contaminant by aquatin organisms and
biomegnilication upward in the food web, with fish commonly being highly contaminated. The primary
pathway of exposure of me~ury to humans is through the consumption of mercury-contaminated fish
and the highest risks to humans occur in pregnant women where fetus development is potentially
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compromised. Although methylation of mercury is dependent on many variables, the flux of ionic
mercury and sulfate, constituents common in mercury mine drainages, are important in controlling rates
of methylation.

The Cache Creek Watershed has several mine sites atxl natural geologic sources that eontrihete
signif’mant mercury fluxes to the watershed and the Bay-Deita. It is important to establish the mercury
speciation of geologic materials in these sources and their relative importance to the total flux of
mercury species from the watershed. The results of this project are important for evaluation of ongoing
studies by the U.S. Fish and Wildlife Service and U.S. Geological Survey studies on the impact of
mercury on fish, amphibians, and birds in the watershed. Phase I of this project provides information
critical to subsequent Phase 2 remediation and mitigation of mercury sources that impact fisheries and
habitats of the Bay-Delta, a goal consistent with CALFED objectives of water quality and ecosystem
improvement.

~. Budget Costs and Third Party Impacts:
Total project costs: $2,513,058; Total requested from CALFED: $1,701,471. No third party impacts.

F. Applicant Qualifications:
The applicants and. members of this project have an established record of developing and successfully
completing studies related to the tasks proposed in this project. The principal applicants all have an
established record of Ph.D.-level research and all of the collaborators have experience in the approaches
defined by this project. Dr. Rytuba is the USGS mercury comr~dity specialist and both he and Dr.
Atpors have extensive experience in geochemical and hydrogeologie studies of mine drainages, their
environmental impacts, and their remedlation. Dr. Brown, Dr. Parks and their associates am recognized
leaders in the use of advanced micro-analytical techniques in the evaluation of environmental metal
comaminants. Dr. Churchill has extensive experience in the evaluation of mines and mineral deposits
and Dr. King is a recognized expert in the evaluation of imaging spectroscopy and its application to
envkonmcotal problems. Dr. Taylor and Dr. Roth both have extensive experience in mel~.try anniysis
and its appfication to environmental problems.

G. Monitoring and Data Evaluation:
This project plans to work closely with the Cache Creek Mercury Technical Group, a working

subgroup of the Cache Creek Watershed Stakeholders group organia~d through the Colorado Center
for Environmental Management. We will provide this technical group with information generated from
each of the tasks and will solicit peer review and provide status reports at monthly imervals. Phase 1 of
the project establishes gaging stations and a sampling and analytical program to monitor mercury and
associated metals and anions in the watershed. This monitoring effort is important in establishing
background fluxes of mexcury species prior to Phase 2 remediat~on and mitigation efforts and provides
the basis for post-remediation Phase 3 monitoring to assess the effectiveness of these efforts on water
quality and ecosystem health.

This project will collaborate with other mercury-related projects funded by CA[FED and with
other ongoing activities in the watershed such as the 1.I.S. Fish and Wildlife Service and USGS project
to assess impact of matcttry on fish, amphibiaus, and swallows and the U.C. Davis project assessing
mareury bioaccumnlation in invertebrates. Our sarr~ling and analytieni approach will be coordinated
with the sampling sites for organisms in the watershed and will provide mercury speciation data on
water, colloids, and sediments for evaluation and subsequent integration into these studies of organisms.
We will provide monitoring data to the State and Regional Water Quality Control Boards and solicit
review by the~ agencies.

H. Local Support:
The USGS will provide matching funds and in kind support for all tasks in Pha~e 1 of this project. We
will collaborate with other USGS projects and cooperate with other projects addressing mercury in the
Bay-Delta as a participant in the proposed project by Suchanek et al., "Integration of Mercury
Studies/Results in the San Francisco Bay-Delta System."
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11. TRIe Page

a. Title of Project
Mercury Fluxes in the Cache Creek Watershed:

Characterization of Mercury Spociation and Transport
from Mine Wastes, Mine Drainages, and Natural Sources

b. Nmne of Applicants/Prindpal Investigators

Dr. James J. Rytuba, U, S. Geological Survey, MS 901,345 Middlefield Road, Menlo Park, CA 94025,
415-329-5418, FAX 415-329-5490, jrytuba@mojave.wr.usgs.gov

Dr. Charles N. Alpers, U. S. Geological Survey, Placer Hall, 6000 J St. Sacramento, CA
95819-6129, 916-278-3134, FAX 916-278-3013, cnalpers@usgs.gov

c. Type of Organization and Tax Status
U. S. Federal Government, ~ax exempt

d. Tax Identification Number
Federal tax exempt humor for USGS 80503683

e. Technical and Financial Contact Persons
San~ as Principal Investigators in par~ "~b."

L Participants/Collaborators in Implementation
Dr. Gordon E. Brown, Departn~nt of Geological and Environmental Sck~nces, Stanford University,
Stanford, CA 94305-2115, 415-723-9168, gordon @pangea. stanford.edn

Dr. George A. Parks, Department of Geological and Environmental Sciences, Stanford University,
Stanford, CA 94305-2115,415-725-0578. parks@pangea.Stafford.edu

Dr. Ron Churchill, CA Department of Conservation, Division of Mines and Geology
801 K Street, MS 08-38, Sacramento, CA 95814-3531, 916-327-0745

Dr. Trade V. King, U. S. C~ological Survey, D~nver Federal Center, Denver CO 80225,
303-236-1373o t king @ speclab.cr.usgs.gov

Mr. Christopher S. Kim, Department of Geological and Envkonm~ntal Sciences, Stanford University,
Stanford, CA 94305-2115, 415- 723-7513, c briskim@pangea.st anford.edu

Dr. Howard E. Taylor, U. S. Geological Survey, 3215 Marine Street, Bonlder, CO 80303,
303-541-3007. hntaylor @usgs.gov

Dr. David A. Roth, U. S. Geological Survey, 3215 Marine Street, Boulder, CO 80303,
303-541-3042, ~aroth@usgs.gov

g. RFP Project Group Types
Group 3, Services: Water Query, Mine Drainage, and Monitoring and Repo~ting
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llI. Project Description.

a. Project Description and Approach. This project addresses the issue of water quality and specificafiy
mercury as an ecosystem stressor on aquatic species in the Bay-Delta. We propose to characterize the
spatial distribution and speciation of mercury in mercury mine wastes, mercury mine drainages, and natural
sources such as thermal springs and mercury alteration zones in the Cache Creek watershed (Fig. 1). These
sources impact the downstream loading of mercury from this watershed into the San Francisco Bay-Delta
system. This proposal requests funding for Phase 1 of this project, which is important in developing
scientifica~y based information on factors controlling the distribution and concentration of mercury species
present in rations mercury mine wastes and natural sources and their relative importance in contributing to
the mercury flaxes from these sites to the Cache Creek watershed and the Bay-Delta system. An important
component of this project is a study of the physicochemieal factors that affect the partitioning of mercury
from aqueous to solid phases and vice versa, including the processes of adsorption, precipitation,
resorption, and dissolution. This will require careful laboratory work on synthatie model systems, coupled
with detailed micro-analytical studies of contaminated mine wastes, stream sediments, and colloids isolated
from surface water~. We propose to establish strategically located gaging stations that continoonsly
monitor flows in the Cache Creek watershed and to initiate a monthly sampling program. These studies are
a prerequisite for subsequent Phase 2 of this project, involving the remediatinn and mitigation of these
geochemically complex sites with the purpose of decreasing the flux of potentially bioavallable merensy
species within the watershed and to the Bay-Delta. Analysis of samples for mercury species and related
chemical constituents, such as sulfate, that contribote to methylation of mercury, will provide background
monitoring information on the mercury fluxes prior to and after implementation of remedlatt’on and
mitigation efforts to he done in Phase 2.

b. l.,ocation. The Cache Creek watershed is located in Lake, Yoin and Coinsa Counties (Fig. 1).

c. EXllected Benefits, Mercury has been identified as a primary contaminant of concern throughout the
San Francisco Bay and Delta. The bioaccumulation and biomagnifieation of mercury concentrations,
part’.~cular!y with regard to methylmereury, in food webs potentially afi’octs all Priority Speeies and Priority
Habitats m the CALFED implementation Strategy. Toxic effects of mercury on higher tropbic level
oons~mers of aqnatio orgunisn~ are well established. Fish species of particular concern are green sturgeon
and striped b~s, for which health advisories have been promulgated with regard to h~ coesumptlon.
The proposed restoration of Seasonal Wetland and Aquatic Habitats in the Yoin Bypass and in the Bay-
D~lta may he accompanied by ioereased rates of mercury methylatinn, with potentially adverse effects on
vmious Priority Species.

Phase 1 of this project includes information critical to the soccess of contaminant control actioes
with regard to merco.ry in the Cache Creek watershed ~d .dow~.~tream habitats, including the Yolo Bypass
and. the San F..ranc.isco B_ay-Delia. Phase 1 work will ~dentify me. reury po.l~.tion sources from mine
draw.age, describe m detail the fate and transport of the mercury rn terrc~ of ~ts chemical and physical
properties, and provid~ critical baseline monitoring data that will allow the qnantifieatlon of the henefits of
~iation and mitigation activities to he carried oat in Phase 2.

Secondary benefits from the proposed network of continuously gaged streams in the Cache Creek
watershed include flood forecasting and water management. Cost sharing of construction, operation, and
maintenance of the new stream gages with the Yolo County Hood Control District indicates the multiple
benefits of real-time gaging infrastructure. Another secondary benefit of the stream-gage network will be
vealized in terms of assisting State and Federal agencies in meeting the regulatory t’~lnirement that Total
Maximum Daffy Loads (TMDL.S) of contaminants he established for surface waters of impaired quality.
Cache C~ek has been listed by the Regional Water Quality Control Board as an impaired water quality
stream based on its mercury concentrations. Establishment of TMDLs is required and will be f~ilitated by
the proposed USGS stream gages.

d. Ba~and and Bialogical/Technical Justillcatian. Mercury mines, mine drainages, and natural
geologic sources such as thermal springs and hedrnek with elevated mercury content use major sources for
the mercury introduced into watersheds and the Bay-Delta. Because of the widespread distribution of
~ury, every region of the Bay-Delta is affe~ed by this contaminant and all of the Priority Species and
Priority Habitats identified by CALFED are impacted by mercury accumulation. The formation of
methylmerettry in a variety of habitats is an ecological concern because of the uptake of this toxic
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contaminant by aquatic organisras and biomagnification upward in the food web with fish being highly
contan~nated. The primary pathway of exposure of rsereury to humans is through Ihe consumption of
mercury-conlaminated fish and the highest risks to humans occurs in pregnant women where f~tns
development is potentially comprondsed, Although methylation of mercury depends on many variables, the
flux of ionic mercury and sulfate arc two variables important to rates of methylation,

The Cache Creek Watershed has several n~ne sites and natural geologic sources that contribute
significant rncrcory fluxes to the watershed and the Bay-Delta, II is important to estabfish the mercury
speciation of geologic materials in these sources and their relative importance to the total flux of marcnry
from the watershed, This is because the chemical speciation or form of heavy metals like mercury play a
major role in controlling Iheir mobility, bioavallabtliry and their environmental fate. The approach and
results of this prc;.Ioct are important for evaluation of ongoing studies by the U.S. F’~h and Wildlife Service
and the USG$ Biological Resources Division on the impact of mercury on fish, amphibians, and swallows
in the Cache Creek watershed, This project is also ne~essary to ktentiby the specific location and
distribution of those sources with bioav~abie mercury of major environmental concern to f’~eries and
habitat so thal subsequent rernedislion and mitigation strategies accomplish a reduction in the luadings of
mercury that are released from the watershed and into the Bay-Delta.

The mercury fluxes from the watershed �oatribute significantly to the total flux of mercmy
impactiog the Bay-Deha system, primarily during initial annual flood events as documented by the Regional
Water Quality Control Board (Chris Foe, pets. commun.). Mercury levels in aquatic invertebrates at
selected sites throughout the watershed indicate significant uptake of mercury by these organisms and that
very high tnercury levels in biota occur in several tributaries to Cache Creek (Slottun et at. 1997). Sites
with highly elevated mercury in biota are located downstream from mercury mines, hot springs, and areas
where naturally elevated ro~reury is associated with hydrothennal alteration, indicating that the.~e axe
hnportam sources of mercury species available for uptake by aquatic organisms. It is important to
distinguish between downstream loading of aqueous and adsorbed mercury species, which can be
ruethylated and contribute to the aecumuiation of methylmarcury in fish in the Bay Delta, and insoluble
marcury species in solids such as ch’mabar (HgS), which are not mathyintcd until the solids are oxidized
and/or dissolved.

Mercury mine drainages provide an opthnal environment for rcethylatiun of m~rcury; and
furthermore, in these drainages amorphous iron hydroxides effectively sorb mathylmercury (Rytuba, 1997).
Mercury mine drainages provide a previously unrecognized source of mathylmercury to the total flux of
mercury impacting fisheries in the Bay-Delta. Three d{ts~mct sources of mcxcury are present in these
drainages: (1) ionic, elemental, and methy~ry present in solution; (2) ionic mercury and
methylmercury sorbcd onto iron hydroxides prcsent vs colloids in surface waters; (3) and iron hydroxides
with high mathyirn~rcury (110 ppt) and total mercury (110 ppb) that accumulate as Sedir~at in the
bedload, sorb mercury and methyin~rcury dating tb.e dry season, an~ contnTvute to downstranm loading.
especially during the first storms of the wet season (Rytuha, 1997). Sofid mercury mines wastes such
condenser ash, calcines, efflorescont salts, and waste rock contain a large range in n’e:rcury concentrations.
species, and secundary mercury minerals that are also iraportant sources to th~ mercury fluxes from these
s’~es (Rytuba, and. I~�mkopf, 1995).

e. Proposed Scope of Work. The proposed work constitutes Phase I of u multi-phase project with the
overall goal of achieving cost-effective remediation and mitigation of potentially bioavailable mercury
sources to the Bay-Deha from the Cache Creek watershed. The primary objectives of Phase 1 effort are:
(1) to identify and characteriz~ sources of mercury contamination as targets for remediation, (2) to collect
pre-con~ruction be.selbte monitoring data ~ terms of quantitative fluxes of mercury in dissolved, colloidal,
and coarse sedinkfnt phases, and (3) to describe the fate and rtansport behavior of mercury with regard
its cl~:mical spcciation and methylation and its association with oxides, sulfides, and orga~c substances.

Phase I work consists of eight tasks: (1) Location and distribution of mine waste and
drainages, (2) Imaging spec~roscupy of mine wastes, thermal springs and mineralized areas, (3) Mercury
speciation of mine wastes, mine drainages, hot springs, and natural mineralized areas, (4) Spocintion of
mercury in solid phases and sorbed on particle surfaces, (5) Establishment of n~w gaging stations in the
Cache Crcek watershed, (6) Water-quality n~nitoring at gaged sites in the Cache Creek watershed. (7)
Hydrogoologic characterization of abandoned/inactive mercury mine sites, and (8) Protocol for the
environmental evaluatioo of mercury mine sites and ~hermal springs.

Task 1: Location and distribution of mine waste and mine drainages. We    propose    to
document and delineate in detail the location (Fig. 1), past produ~ion, and amount of mine workings and
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mine wastes generated during mercury mining using historical data from the mercury n~ne f’dns in the CA
Division of Mines and Gcok~gy and the USGS Mercury Commodity File. From these hlstoridal records,
we will identify the ore processing techniques used and estimate the efficiency of mercury recovery in order
to establish the residual amount of mercury remaining in the mine wastes, mine railings (calcines), and
unprocessed low grade ore. We will delineate the aerial distribution of solid mine wastes at mercury mine
sites within the watershed using historical photos, archived USGS aerial photography, and mine reports.
We will field check information to delineate location of mine sites and the distribution of various mine
wastes. Evaluation of historical mine data, map and photo analysis, and mercury recovery calculations are
initiated in f~rst six months of the project. Field checking and detailed mapping of mine wastes occurs in the
next six months producing a regional map of mine waste in the watershed and detaiied maps of mine
wastes for use in mineral characterization by AVIRIS and imaging spectroscopy, Task 2, mine waste
sampling, Task 3, and mercury phases analysis, Task 4.

Task 2: Imaging spectroscopy of mine wastes, hot springs and mineralized areas. Airborne
imaging spectroscopy (AV1RIS), hand-held f~eld spectrometry, and laboratory mensuremants will he used
to map the distribution of mineral species associated with mercury deposits, alteration zones, and hot
springs in the watershed. Imaging spectroscopy is a diagnostic tool for mapping OH-hearing minerals, iron-
hearing minerals (Fez. and Fe~*) and other minerals commonly present in maruury ~ wastes and
alteration zones. A map of secoMary minerals and amorphous material is important because these phases
are cowanon in mineralized areas and are important sources of both mercury and anions such as sulfate that
contribute to re~thylation of mercury. AVIRIS data acquired July 8 1997 a~ provided as in-kind support
for use in this pro.k.ct. Mineral maps of the ~,~atershed areas impacted by mining and natural sources of
mercury will be constructed using field studies to "ground-truth" the AVIRIS data. Mine wastes such as
calcines have often been removed from mine sites for road construction throughout the watershed.
AVIRIS constructed maps of high femc oxide concentration will provide a surrogate map for the
distribution of calcines. In conjunction with "l’ask 1, AVIRIS data will he used to create a map of the
warershed showing the distribution of mine wastes, hot spring areas, alteration zones and undeveloped
mineralized areas. This final product is completed in 4F)9 and complements the map of mine wastes
generated as pact of Task 1, both of which help direct the mine waste sampling and mercury phase analysis
proposed in Tasks 3 and 4.

Task 3: Mercury speciation of mine wastes, mine drainages, hot springs, and natural
minera/~aed arras. We propose to characterize the physical properties and mercury content of the
various types of solid nane wastes, mercury mine drainage waters and sediments, hot springs and
associated precipitates, and hydrothermal alteration zones (unde,,’eloped rraneralized are, as) that canm’bute
to the n~rcury fluxes in the watershed (Fig. I). Mercury speciation of waters are part of this task and Task
4 determines mercury speniation and phase analysis of solid mine wastes because specialized
microanalytical techniques are required. Mercury mine silos contain severni types of processed and
unprocessed solid mine wastes (Rytuba, 1996). Soot or 6ash6 is derived from the condenser system and
commonly has the highest concentration of mercury at mine sires. Mine railings (calcines) are coated by
ferric oxide and hydroxide phases which contain sorhed elemental mercury and distinct mercury sulfate and
mercury ox~:’hloride minerals. Eftiorcscent salts containing various forrm of mercury form on rain¢ wasles
and are readily dissolved daring the wet season. Unprocessed ore contains tow concantratioas of mercury
primarily as cinnabar. Waste rock consists of unaltered and hydrothermally altered country rock with low
concentrations of mercury for which the speciation of mercury is typically uaeer,,ain. These mine wastes
will be, mapped and sampled in detail using maps genexated by Tasks 1 and 2 and analyzed for total
n-~g~ry and methylmercury. Samples are analyzed by Task 4 for mercury species and n~oral phases. The
combined data will be used to assess the relative importar~e of these somces for downstream loading of
bioavailable mercury. A watershed map and supporting data will delineate the sources for various mercury
species as a pre~hnian~ product in 6/99.

Mercury mine drainages contain a wide range in total m~rcury concentration, (0.01-340 ppb)
(Rytuba, 1997). Mercury mine drainages provide an optimal environment for the rmthylation of mercury
hecauso of high ionic mercury, sulfate, and sulfate-reducing bacteria with methylmercury concentr~ions io
the 10 to 80 ppt range (Rymba 1997). Amorphous iron hydroxides in mine d~ainages effectively sorb both
mercury and methylmercury, accumulete in the bedload of streams impacted by mine drainage dtu’~g the
dry season, and are readily transported in suspension during initial phsso of the wet season (Rymba, 1997).
We will analyze mercury mine drainages in the watershed to characterize the concentration and flux of
mercmS’ species. Solid phases will he characterized in Task 4. Hot springs will be similarly characterized.
Hot springs are associated with several of the mercury deposits (Fig. 1) (Rytuba, 1993) and in tbe Sulphur
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Creek tributary arc a source of ionic n’~rcury (450 ppb) and mercury sulfide encapsulated within iron
sulfide panicles which contribute to the downstream ~oading of mercury (P, ytuba, 199"/; ]anik ct a]..
1994). Characterization of mercury sources, species, and fluxes in the watershed will be integrated with
data and mops from MI tasks to produce a t’mal Phase I report on 1/2000.

Tusk 4: Spe~iation of mereut3’ ~ solid phases and sorbed on particle surfaces, Mercury can
occur in a variety of solid phases in the earth’s near-surface environment (Rytuba and Tunnell, 1978), at
trace or high concentration levels, and can also be sorhed on particle and colloid surfaces. A detailed
knowledge of the speciation of" mercury [i.e., ks oxidation state, physical form (presence ha a crystalline or
amorphous solids, sorbed on a panicle or colloid surface, or pre~ence as an aqueous complex!, molecular
structure and composition, and if sorhed, type of sorbed species (mucr vs. outer sphere adsorption �omplex
or precipitate)] is critical for predicting its mobility in natural waters and, in turn, its bioavallability. For
example, mercury in a highly soluble solid phase can be released into solution when the solid phase
dissolves. When sorbed on a particle or colloid surface, mercury may he mleasexi even more easily than
from solid phases when groundwater or surface waters become more acidic (such as waters associated
with acid mine drainage) or have high chiodda concentrations (Gunneriussoo, 1993). Under acidic
conditions, sorbext merCUry may desorb rapidly, depending on the type of serptinn complex. In addition,
when associated with colloids, sorhed mercury s!t~:ins such as rcethyknercury can be transported great
distances from tha mercury source. Without quantitative, molecular-scale information on the spncintion of
mercury in mine tailings and drainage waters, it is not possible to make accurate Ira:dictions about its
potential release into the biosphere under varying solution conditions.

The types of solid phases comaining mercury in the environment depend heavily upon the
composition of lucal water, pH, and dissolved oxygen concentration or oxidation potential. In a typical
water containing lmM each of chloride and sulfate at pH 7, ¢mabar (HgS) is tim stable solid under
reducing conditions, and elemental or metallic mercury is the stable f~rm under oxidizing conditions. The
intrinsic solubility of cinnabar is very low, whereas the solubility of metallic Hg exceeds some water quality
standards. For this reason, it is conunonly supposed that Hg will precipitate as HgS and he rendered
harmless in buried sediments where sulfate is reduced to sulfide by bacterially mediated macticns. This is
true in a very narrow range of oxidation potentials, but in buried sedhr~nts or tuilings containing high
levels of organx~, oxidation potentials can be reduced to a point where sulfide ion complexatinn of Hg
increases its soinbgity and hence mobility by orders of magnitude (see, e.g., Engine and Patrick, 1975). In
addition, changes in solid spociation can change the effective equilibrium sofobility/mobBity of I-Ig over 6 to
7 orders of mognitude from highly reducing sediments to highly anmted surface strearm.

There have been a number of studies of mercury speciation in contam~ated segs and other
geological man=dais using selective chemical extraction techniques (e.g., Barnett et al. 1995). Howe’er,
such motbods are capable of altering Hg speciaticn so that the original species is not detected, which
makes it difficult or unpossible to assess the potential hazard of Hg from a contaminated site. The same
problem exists for other common heavy metal contaminants such as arsenic, selenJum, and lead. During the
past few years, we have developed an analytical approach that allows us to study the speciation of these
be~vy metal contaminants with minimal sample pmparatinn and no need for selective chemical extraction.
We employ a battery of standard micro-analytical methods such as the electron microprobe, scauning
eloctron microscope, and transmission electron microscope, together with bulk methods such as x-my
diffraction and ICP-MS analysis, to determine what phases are present in a muM÷phase mixture, including
those containing major quantities of the heavy element, and the concentration of these eicments. What
makes our approach relatively unique, however, is our use of more sophisticated methods such as
synckrotron radiation-based x-ray absorption fine structure (XAFS) spectroscopy. XAFS spectroscopy is
non-destructive, requires ~ sample preparation, and can be perforr~d under ambient conditions. It is
capable of providing detallnd information on the molecular-scale structure and composition of heavy metal
species when they are present in �oncentrations higher than 20-40 ppm (Brown et al., 1988). XAFS
spectroscopy is particularly useful in identifying sorhnd species, which are virt~ impossible to study
directly under ambient conditions by any other analytical method (Brown, 1990).

Using XAFS spectroscopy at the Stanford Synchrotron Radiation Laboratory, wn have cacri~ out
extensive studies of the speciatinn of Cr, Se, As, and Pb at concentration levels as low as 20 ppm in both
cno~ted natural samples (Pickering ct al., 1995; Tokunaga et al., 1996, 1997; P~terson et al., 1997a,
1997b; Foster ct al., 1997a, 1997b, 1997c; Ostergren et al., 1996, 1997; Junior et ni., 1997) and in
synthetic model systems (Hayes et al., 1.987; Chisohlm-Brause et M., !.990; Ro~ ot al., 1991; Bargar et al.,
1997a, 1997b, 1997c; Pcterson et al., 1997c). We propose to use a similar approach to determine Hg
sl~uctation in mine railings and natural samples from the Cache Creek Watershed mercury mines. We have
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already initiated studies of Hg(II) surption on iron hydroxides using XAFS methods and have shown that
chloride forms ternary surface �on’~plexes with Hg(|l) on these surfaces (Bargm et al.. 199"/c). S~ch
hydroxides ar~ often the most important solid phase to which Hg species sorb in environmental settings
such as mine tallings. XAF$ spactroscopy studies of synthetic model systems in which the heavy metal is
sorhed to sample surfaces or is present in pure solid phases, combined with XAFS studies of natural
contaminated samples, provide a powerful approach to the study of the speciation of a specific heavy metal
in contaminat*d samples, We plan to use this same approach in our study of Hg sgeciation in the proposed
study. Our proposed study wili benefit from a new high flux hard x-ray beam line we are currently building
at the Stanford Synchrotron Laboratory that is speoificaliy optimized for XAFS studies of heavy metals,
such as Hg in natural and synthetic samples, It will also benefit from a new state-of-the-art multi-~iement
Ge-array detector for x-ray fluorescence XAFS studies of extremely dilute sar~ins. Mercury spec ation
studies of solid mine wastes will occur in conjunction with characterization studies of mine wastes in Task
3 during the first par and continue into the second year along with synthetic studies in order to integrate
speciation analysis with f’mal report of Task 3.

Task ~: Establish new gaging stations in the Cache Creek watershed. Accurate and reliable
data on water flow is essential to determining fluxes of contaminants such as mercury. At present, the only
continuously gaged stream site in the Cache Creek watershed is C~¢he Cr. at gumsey. Additional
discharge data are available for the splilway from Clear Lake, which feeds Cache Cr., and for the outfall
from Indian Valley Reservoir, wl~ch feeds the North Fork of Cache Cr. The USGS proposes to establish
stream gages at six other sites in the watershed so that reliable data on mercury and associated metal and
anion loadings can be computed based on periodic se~ep~ilng by the USGS and others.

The most critical sites for additional stream gaging are: (1) Sulphur Cr. above the confluence with
Bear Cr., (2) upper Bear Cr. above the confluence with Sulphur Cr., (3) lower Bear Cr. at Cache Creek.
(4) Grizzly Cr. below the Turkey Run and Abbott Mines and above Bear Cr., (5) Davis Cr., and (6) North
Fork. Cache Cr. above Cache Cr. (Fig. 2). These gages are sited at optimal locations to monitor flows and
mercury ioedings from tributar~s in the watershed impacted by mercury mining, and sources. Gages wi~ he
inatranmnted to record continuous turbidity data, which correlates with suspended sediment concentration,
and provides timing of peak sediment transport in relation to peak flows, and guides sampling to measure
the maximum mercury concentrations during storm runoff.

it is reconmsended that a continuous record of flow and turbidity be co,ted at these sites over at
least two years prior to proposed remedintion of mine sites, so that pre-remediation baseline conditions can
be established and the sites providing the largest mercury loadings can be targeted for remediation and/or
mitigatinn~ We proposc one year of gaging and monitoring at these sites as part of Phase I of this project,
and Phases 2 and 3 will continue the gaging and reonRoring program in conjunction with remediation
planning and implementation, and post-construction monitoring. Gage construction occurs in 4-6/9g, and
continuous flow data will he reported beginning 7/98. Real-time USGS data will be available on tim
interact 0tttp://water.wr.usgs.gov). USGS will annually publish daily mean discharge values for each site.

Tusk 6: Water-quality monitoring at gaged sites in the Cache C~"¢k watershed. Water-
quality monitoring at gaged sites will permit quantitative determination of contaminant Ioadings for
mercury and sulfate within the watershed. Sulfate loedings are important because sulfate conm’outes to
methylation of mercury (Rytuba, 1997). Chemical analysis of whole (unfiltered) water samples, plus
filtrates from conventional 0.4:5 micron filters and uRrafiltets with an effective pore size of 0.005 microns,
will allow the quantification of mercury transport in dissolved, colloidal, and suspended sedit~nt phases.
The detach of both total mercury and mothyimercury in a subset of these whole water samples and
filtrates will bo of interest, particularly in high flow reghnes, to evaluate the importance of the
methytmercury flux from the watershed versus the methylatinn that takes place largely downstream ht the
Yolo Bypass and the Bay-Delta, partly in response to ioedings of mercury and sulfate from the watershed.

Water-quality data mad mercury loadings will he compiled, evaluated, and publisbod by the USGS
in preliminary data reports and peer-reviewed interpretive reports. For the first year’s monitoring period
(7/98 - 6/99), data reports a~ planned for 2/99 and 7/’99 and an interpretive report would be available in
drsR form in 8]99 and in final form in 12/99.

Tusk 7: Hyd~gcologic characterization of abandonedFmactive mercury mine sites.
Hydrogcologic characterization of surface and shallow ground water will be carried out at two or raom
mercury mines in the watershed, with the goal of Fruviding information necessary for the sclecdon of
effectiv~ rem*diatinn alternatives. At the Turkey Run mine mercury mine wastes Itre i~ the flow path of hot
springs effluent. The hydrology most he understood so relocation of this mine waste and diversion of the
effluent will succeed in reducing mercury. At the Elgin Mine hot springs in the open pit mine contribute a
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significant flux of mercury to Sulphur Creek. Shallow wells will be installed, so that water levels and flow
can be monitored and these will provide for water-quality sampling, to be carried out on at least two
occasions including one wet-season and one dry-season. Weirs will be constructed to measure flow at
times of water-quality sampling.

Water-quality and water-level data will be compiled, evaluated, and published in USGS preliminary
data reports and peer-reviewed interpretive reports, For the Phase I project period (1/98-12t99), data
reports are planned for 10/98 and 10/99 and an interpretive report for 8/99 (final form 12/99). It describes
the consequences to the surface- and ground-water systems of remedial alternatives and provide a seiemific
basis for estab[ialting cost-effective remediation activities at mercury mine sites in Phase 2 of the project.

Task 8: Protocol for the environmental evaluation of mercury mine sites A protocol will be
developed for the assessment of mercury speciation and fluxes from mine drainages and mercury n~ne
wastes for use in the evaluation of other mines in watersheds that impact the San Francisco Bay-Delta. A
synthesis of approaches and methodologies established in the tasks of Phase I will be summarized in a
USGS Open File Report (1/20(30).

f. Monitoring and Data Evaluation
This project addresses a major concern of the Cache Creek Watershed stakeholders group that has been
orgaz~x~i under the auspices of the Colorado Center for Environmental Management with the support of
the State and Regional Water Boards. A working subgroup of this organization is the Cache Creek
Mercury Technical Group, composed of stakeholders, regulatory staff, and researchers. We plan to work
closely with this technical group by providing information as generated from each of the tasks in this
project and will solicit peer review and monitoring oftha tasks in this proposal at appropriate intervals. It
is anticipated that Phase One of this project wiB comrihate information critical to development of Phase
Two remcdiation and mitigation efforts that will include projects initiated by the Cache Creek Watershed
stakeholders group and thus we will involve this group in all aspects of the project. Establishment of the
USGS gaging stations trod mercury speciation analysis program provides an infrastructure and
methodoloKy for long-term monitoring of mercury and associated metals and anions in the watershed.
Tim monitoring effort is important in establishing background fluxes of mercury species prior to
remediation and mitigation efforts and provides the basis for post-remediation monitoring to as~ss the
effoctiveaess and demonstrate the benefits of these efforts.

This Phase 1 prc~ject will coordinate and collaborate with other mercury-related projects funded by
CALFED. We plan to eomrrmnicute and cooperate with other C.ALFED-sponsored mercury projects,
including the proposed project "Integration of Mercury Studies on the Bay-Delta System" (Snchanek et
a.l.). Our sen~heg sites and analytical approach will be coordinated with those for organisu-a in the
watershed and will provide mercury speciation for evaluation and integration into these studies. We will
coordinate closely with proposed projects with a lYtological emphasis: (1) "The Roll of Upstream Mercmy
Loading and Speciation...’(Suehanak et aL), and (2) "Adverse Effects of Mercury on Birds and
An~in’bians in the Cache Creek Basin" (Schwarzbach et al. )

The proposed project will share USGS persotmel with another proposed CALFED project,
"Looalization and Characterization of Mercury Sources.."(Alpers et al.). These projects will be
integrated, and use similar methodologies for sample cogeetion, processing, and analysis. We plan to
provide monitoring data to the State Water Resources Control Board, the Regional Water Quality Control
Board as well as other interested parties and to solicit review by the State and Regional Waters Boards or"
our monitoring, quality asanranc2Jquality control, and data evaluation process.

g. Implmentahility. The project team members have a long record of research activities in the field of
evaluation of mercury rn~es, mercury speciation of mine wastes and mine drainages, and mchnklneS to
evaluate phases of mercury in mine wastes and waters and natural sources. Facilities to accomplish the
tasks in this project are presently available and being used by the project members as part of other
programs to evaluate the environmental aspects of mercury. The USGS has a long record in the successful
establishment and monitoring of stream gages and can establish these gages in compliance with local laws
and regulations and in cooperatinn with local governments and landowners.

The hydrologic and climatic conditions will he considered in designing the sampling plan, choosing
optimal sites for stream gage stilling wells, and timing sampling events to capture high-flow events.
Handling of hazardous materials at mine sites and assneiated mine drainages will be carried out by
personnel with appropriate safety training. Disposal or" hazardous samples associated with this project will
he carried out in accordance with all applicable laws and regulations.
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IV. Cosls and Schedule to Implement Proposed Project

a. Budget Costs
The costs for Phase One of the project cover a two year period and total $2,592,058, of which $1,701,471
is requested from CALFED. Budgeted costs are specified according to the eight tasks in this project and
are broken down according to costs and funding sources in Table 1. In kind services by the USGS
contribute to the cost of aneh of the eight tasks and total $781,587. In kind services from other sources
total $79,000. Matching funds from the USGS State-Federal Cooperative Program total $30,000 for
Phase One of this project, in the amount of $10,000 per year over three fiscal years. The USGS in kind
services anticipate future budgeting levels for the USGS that are considered firm, but that are contingent
on future Congressional appropriations. Wkhout CALFED funding for this project the USGS funds ate
likely to be used on different projects that may or may not he related to the proposed work. Although lhe
USGS has a strong interest in the completion of this. project, USGS funding levels alone are not sufficient
to provide the comprehensive, quantitative approach outlined in this proposal. CALFED funding is
required at the proposed level to provide a sound technical basis for characterization of mercury sources in
the Cache Creek watershed, and the critical information needed to ensure successful, cost-effective
remedlatinn.

Budget notez for snecitic
Task .5.4) Stream-Gaee Construction
Total cost for ¢onstraction of 6 gaging stations in the Cache Cr. Watershed is $214,000. The cost of the
construction of the gage along lower Bear Cr. ($19,000) will be paid by the Yolo County Flood Control
District (agreement with USGS pending, expected in Aug. 1997). Construction costs ($195,000) for the
other 5 gaging stations are requested from CALFED.~’ask 5Bl Stream Gaee Operallon and Maintenance
Operation and maintenance (O&M) costs per gage are estimated at $20,000 per year. O&M costs for gage
on Davis Cr. will be paid by Home.stake Mining Co., and for the gage on lower Bear Cr. by Yoio County.
O&M costs for the other 4 gages for one year ($80,000) are requested from CALFED.
Task 6| Waeepaualitv monitot~ne at eaeed sites in the Cache Creek watershed
Budget based on 84 water samples: 11 events at 7 gaged sites plus 3 events at Yolo Bypass and 2 events at
inflow and outflow of Yoio Settheg Basin. CALFED budget includes chemical analysis of Hg and Hg-
methyl dissolved organic carbon, nutrients, and suspended sediment concentration. USGS in kind setwlees
~clode ehenucal analyses of major and trace elements in whole waters, filtrates, and ultra-filtrates.

b. Schedule Milestones
For each of the eight tasks below, specific st~xt and completion dates are discussed as well as key
rm’lestonas and payment schedules. The start dates anticipate funding from CAl..FED on or after January
1998, as noted below. Although all the tasks in Phase 1 of this project am related, there is a staged
development of work in each task.
Task 1) Locatfun and distribution of mine waste and mine drainages
1/98-6/98: analysis and compilation of existing historical files and photography to establish the location and
distribution of mine wastes. Milesto~: completion of data file analysis-1/3 payment fur task L
6/98-12/98: field checking of identified location and distribution of mine wastes and natural sources and
corrections to historical Ides and aerial photographic analysis. ~: preliminaa3, map of the
distrflmtion of mine wastes in the watershed-1/3 payment.
1/99-4/99: integration of historical data, field analysis, and AVJRIS maps in Tnsk 2 to ~reate a final map of
mercury mine wastes and natural sources for the watershed.
USGS Open-File Report in cooperation with CA Division of Mines and Gcology-final 1/3 payment.
Task 2) Imaging spectroscopy of mine wastes, and natural sonrces
1/98-6/98: processing of AVIRIS data, ground trathing of mine waste anomalies using hand held imaging
spectroscopy, and determination of mineralogic association. Mflesto~: completion of ground truth
analysis-I/3 payment for task 2.
6/98-12/98: generation of preliminary minemlogic maps showing mineral anomalies and surrogate maps of
mine wastes and thermal anomalies and natural alteration areas. ~ completion of prelingnsxy map
of the watershed shewing mine wastes and natural sources based on AVIKIS data-l,’3 payn~nt.
1/99-6/99: integration AVIRIS data with maps of Task I to create a final map of mercury ~ wastes and
natural sources for the watershed. ~: final map of the watershed with accompanying explanation
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published as USG$ Opan-File Report in cooperation with the CA Department of Conservation, Division of
Mines and Geology-final I/3 payment.
Task 3) Mercury content and speciation of mine wastes, mine drainages
1/98-6/98 Initiate water sampling program of mine drainages and drainages from natural areas, analyze for
total n~rcury and mercury speciatinn. Initiate sampling of solid mine waste, mine drainage and thermal
spring precipitates, and analyze for total mercury, MeHg and provide samples to Task 4 for speciation
analysis of solid mine wastes. Milestone: analysis of initial data set for the watershed- 1/4 payment.
6/98-6/99 Expand sampling program to mercury source areas identified by Tasks I and 2 and continue the
analytical approach with modifications based on preliminary data analysis - provide solid mine wastes
drainage precipitates for analysis in Task 4. Milestone: preliminary analysis of second data to identify the
major mercury sources using data sets and maps generated in Tasks I, 2, 4, 6, 7 - 1/2 payment.
6/99-9/99 Complete sanvling and analysis and initiate charanterizatinn of mercury sources in the watershed
integrating data from this task, and tasks I ,2, 4, 6, and 7.
10/99-1/00 Complele characterization of rr~:reury sources in the watershed in Phase I USGS Open-File
Report. Milestone: Publication of Phase I report-fmal payment.
Task 4) Spesiation of mercury in solid phases and sorbed on particle surfaces
1/98-10/98: micro-analytical characterization of pure Hg model compounds to create database, collection
of and initial inspection of natural samples using belk characterization methods. ~: Completion of
data base and initial natural samples analysis- 1/2 payment -total task 2
I 1/98-12/99: micro-analytical characterization natural samples, laboratory s!mthesized samples r~areating
mine envirom’nents in simplified form, characterization of idealized laboratory samples
Milesto~: Complete speciation analysis and integrate with final report of Task 3
Task 5A) Stream-Gage Construction
10/97-11/97 Construction of gage along lower Bear Cr. - payment by Yolo County.
1/98-6/98 Construction of the other 5 new gages in watershed. ~: completion of construction -

Task z’B) Stream Gage Operation and Maintenance
12/97-6/98 O&M of gage along Bear Cr. above Cache Cr. (funded by Yolo County),
7/98-6/99 O&M for 5 other new gages in watershed.
MiIc_.gg_~: Real-time data on flow and turbidity for will appear on the WWW beginning in 8/98. Stream-
flow and turbidity data for the period 7/98-6/99 will be published in a data report, available in 11/99 - full
payment.
Task 6) Water-quality monitoring at gaged sites
1/98-6Dg Monthly sampling at 3 gaged sites: Clear Lake, Rurmey, 1owes Bear
7/98-6/99 Monthly sampling (bi-monthly in dry season) at 4 new gaged sites plus 3 old gaged sites.
Synoptic sampling of peak flow and sediment transport.
7/99-1/00 Data evaluation, synthesis, and report preparation
Milestone: Preliminary data report with water-quality data and contaminant loading analysis through 6/98
- 1/3 payment; Milestone: Phase 1 Final Report, 12/99, full payment.
Task 7) Hydrogeologic characterization of abandoned/inactive mercury mine sites
1/98-6/98 Initiate hydrogeoiogical program, site re.connalssanc¢, drill site selection, weir construction.
7/98-6/99 Collection of water-quality and water-level data.
7/99-12/99 Compilatinu, interpretation and reporting of rcsnits - consequnncns of remedial alternatives.
Mile.stones: Data reports are planned for 10/98 (l/4 payment) and 10/99 (1/4 payment) and an interpretive report
would he available in draf~ form in 8/99 and in final form in 12/99- fuji payment.
Task 8) Protocol for the environmental evaluation of mercury mine sites
6/99-9/99 Initiate analysis of all approaches used in all of the tasks in Phase I and evaluate their effectiveness for
use at other rnereury rathe sites and outline the protocol
10/99-1/00 Complete protocol "Env~onm~ntal evaluation of n-ezcury m~e sites and natural so~ in
watt, sheds"- Milestone: publication 0f USGS Open-File Report- full payment.

e.. Third Party Impacts - None ant~ipated.
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CACHE GREEK MERCURY FLUXES

Table 1 - Coats and Schedule to Implement Phase One of Proposed Project

Direct Labor Direct Salary Overhead (on Service Material & AcquF Misc. & other
~ all dlrsct ¢cetst Controls sltfun Co~trscts

Task I Location and distribution of mine waste end mine dralnegas
CALFED funds requested 643 $42,076 $17,691 $111,000 $78.767
USGS in kind services 296 $31,700 $14.455 $9,6~O $55,755
Total - Task I 939 $73,776 $32,146 $28,~=00 $134,522

Task 2 Imaging spe~ros©opy of mine wastes, thermal springs, and mineralized areas
CALFED funds requested 224 $8.~30 $5,488 $7,630 $21,168

USGS in kind selvices 224 $8,050 $5,488 $7,630 $21,168
Total - Task 2 448 $16,100 $10,976 $15,260 $42,336

Task 3 Mercury apeclatlon of mine drainages, thermal springs, and natural mineralized ames
CALFED funds requested 576 $63,400 $36,916 $42.075 $142.391
USGS in kind services 576 $63,400 $36,916 $42,075 $142,391

Total - Task 3 1152 $126,800 $73,833 $84,150 $284,7~3

Task 4 Speclatfun of mercury In solid phases and sodded on partluin surfaces
CALFED funds requested 2080 $107,286 $86,030 $40.000 $333,316
USGS in kind services 0 $0 $23,364 $40,000 $6~1,364
Total - Task 4 2080 $107,286 $109,394 $80,000 $296,680

Task 6A Stream gage constnJctlan
CALFED funds requested 540 $20.000 $88.000 $68.000 $195.Q00
Yolo County 80 $3,000 $ll.500 $6,500 $19,000
Total - Task 5A 620 $23,000 $97,500 $74,500 $214.000

Task 5B Sb’sem gage operation and malnt~tance
CALFED funds requested 400 $20,000 $40,000 $20,000 $80,000
Yalo County 200 $10,000 $20,000 St0.000 $40.000
Homsstake Mining Co. 100 $5,000 $10,000 $5.000 $20,000
Total -Tsek 5B 700 $35,000 $70,000 $35,000 $140,000
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CACHE CREEK MERCURY FLUXES

Table I ¯ Costs and Schedule to Implement Phase One of Pml0~Sed Project (continued)

Direct Labor Dlroct Salary Ove~hasd (on Sar~lce Material & Acqul- Misc. & olher
~ MI ditect CO~tsl Con~cts l~ltlon Contracts

Task 6A Water-quality monitoring at gaged sites in the Gache Cnmk watershed
CAI-FED funds requested 4900 $153,300 $201,300 $48.000 $402.600

USGS malchlng funds 187 $5,000 $5,000 SO $10,000

USGS in kind services 1500 $60,000 $81,000 $21 ,(~o0 $162,000
Total - Task 6A 6567 $218,300 $287.300 $69,000 $574.~]o

Task 6B Evaluation and reporting of watsr-quallty monitoring data
CALFED funds requested 3050 $110,400 $130,400 $20,000 $260,800

-- USG:~ mat0hlng lu~cls 167 $5,000 $5,000 $O $10,000
USGS In kind services 1500 $60,000 $80,000 $20,000 $160,000

I TotaJ - Task 6B 4717 $175,400 $215,400 $40,000 $430,800

o Task 7 Hydrogsologlc characterization of abandonedllnactlve mercury mine sltsa
o) CALF~:~ funds [eqt~e~ted 2460 $79,420 $145,420 $66,000

.-~ USGS matching funds 167 $5,000 $5,000 $0 $10,000

..~ USGS In kind services 200 $7,000 $12,000 $5,000 $24,000

Total - Task 7 2827 $91,420 $162,420 $71,000 $324,840

Task 8 Protocol for the environmental evaluation of mercury mina skue and thermal apdngs
CALFED funds requested 272 $11,225 $6,904 $5.500 $26,629

USGS in kind services 112 $4,025 $4,384 $5,500 $16.909

Totsl- Task 8 384 $15,250 $11,288 $17,000 $43,538

Total COSts % of total
Total ftmds requested from CALFED $ 1,701,471 67.7%
USGS matching funds $ 30,000 1.2%
USGS in kind asP/Ices $ 781,587 31.1%
Other stakeholders $ 79,000 3.1%
Total project cost $ 2,513,058 100%
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V. Applicant Qualifications:

Planned organization of staff
Dr. Rytuba and Dr. Alpers as principal investigators will oversee all aspects of technical,

administrative, and project management and will be the main liaisons with other mercury- related projects
sponsored by CALFED as well as other mercury projects within the USGS and outside agencies. Dr.
Rytuba will have the primary responsibility for management of Tasks l, 2, 3, 4 and 8 and will provide
technical oversight of all activities within these Tasks. Dr. A1pers will have the primary responsibility for
management of Tasks 5, 6, and 7 and provide technical oversight of all activities within these Tasks.
Administrative costs will be managed by the existing administrative division within the USGS and
roonitoring of funds and expenses will follow established USGS administrative protocols. Quarterly
administrative expenses and payment reports will be provided and yearly summaries of expenses and
payments provided.

Dr. Rytuba and Dr. Churchill will have the primary technical responsibility for hnplemanting Task 1
and completing the proposed maps and accompanying descriptive text. They will closely collaborate with
related activities being carried out by staff at the CA Department of Conservation, Division of Mines and
Geology under the supervision of Dr. ChurchR1. Dr. King has the primary responsibility of implementing
the technical ~spects of Task 2 and to produce the proposed AVIRIS maps and accompanying analysis. Dr.
King will work closely with Task 1 to integrate efforts within both of these tasks. AVIRIS data processing
will occur within the USGS in collaboration with USGS support staff and facilities. Dr. Rytuba and Chris
Kim will have the primary technical responsibility for Task 3 for assessing mercury content of various mine
wastes and natural sources. Analytical support for this approach uses existing USGS staff and facilities
and Stanford University facilities. Dr. Brown and Dr. Parks are the lead technical investigators in Task 4,
the determination of mercury speciation in solid mine wastes and ~ drainage products, in collaboration
with staff at the Stanford Synchrotron Radiation Laboratory and within the Department of Geological and
Environmental Seibnces. Mr. KJm and a postdoctoral student will participate in all aspects of this task. All
technical equipment necessary for this task is available at Stanford University with collaboration provided
by existing support staff for each of the facilities such as microprobe and SEM. Dr. Alpers will take the
technical lead in organizing and implementing Task 5 for the establishment of gages as well as Task 6,
monitoring studies. Experienced USGS staff will be used to establish the gages and implement the
monitoring program. Dr. Taylor and Dr. Roth will provide the teclmical lead in analysis of marcury and
other constituents for Task 6 using existing USGS analytical f~ilities. Dr. Alpers will have the primary
responsibility of impler~’~nting the technical aspects of Task 7 and will work in collaboration with USGS
staff to perform the ground-water studies of this task. Task 8 will he managed by Dr. Rytuba who will
oversee the synthesis the results of all tasks that will be incorporated into the final protocol for the
environrmntal assessment of mercury mine sites and natural mercury sources.

Dr, James J, Rytuba (Geologic Division, U.S. Geoingical Survey, Menlo Park, CA) is the Chief of the
USGS Mercury and Arsenic Cycling Project. He has been the USGS mercury commodity specialist since
1979 and _in this capacity be has investigated mercury deposits throughout the world ~inding several of
the worldOs largest deposits. Fits research interests include the environmemnl geochemistry of rig and As.
He received his Ph.D. degree from Stanford University with dissertation research on mercury
geochemistry.

Dr. Charles N. Alpers (Water Resources Division, U.S. Geological Survey, Sanramento, CA) received a
Ph.D. in geochemistry from the University of California, Berkeley in 1986, and has been involved in
numerous water-quality investigations involving trace-element geochemistry and the transport of trace
elements in surface- and ground-water systems. Dr. A1pers has been involved in research concerning acid
mine drainage at the Iron Mountain SuFerfund site since joining the USGS as a post-doctoral follow in
1987. Since joining the USGS California District in 1991, Dr. Alpers has been Project Chief for an
investigation of acid mine drainage in ground-water at Penn Mine, a project that received cooperative
funding totaling more than $900,000 from the USGS, the Sta~ Water Resources Control Board and the
East Bay Municipal Utility District. Dr. Alpors is actively involved as Project Chinf of the Sacr~a-mnto
River Trace Metals Transport Project, characterizing the geochemistry of trace elements, including
mercury, in the Sacramento River along a reach of the river between Shasta Lake and Freeport, with
cooperative funding and in-kind services in excess of $600,000 from the USGS, the State Water Resources
Control Board, the Sacramento County Regional Sanitation District, the U.S. Environmental Protection
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Agency, and the National Marine Fisheries Servieu. Dr. Alpers is a n’~mher of several technical advisory
committees involved with the remediation of inactive and abandoned mine sites in Califomin and other
states, and has published extensively on the topics of the environmental geochemistry of sulfide oxidation
(e.g. Alpers and Blowes, 1994; Nordstrom and Alpers, 1995, 1997), ground-water characterization at mine
sites (e.g. Hamlid and Alpers, 1995, 1996), and the uffects of efflorescent salts on mine drainagu
composition (Alpers et al., 1994a, 1994b: Alpers and Nordstrom, 1997).

Dr. Gordon Brown (Depattment of Geological and Environmental Sciences and Stanford Synchrotron
Radiation Laboratory) is the D.W. Kirby Professor of Earth Sciences and Professor at the Stanford
Synchrotron Radiation Laborutory, Stanford University. He has a Ph.D. degree from the Virginia
Polytechnic Institute and State University and did post-doctoral work at the State University of New York
at Stony Brook. Prior to joining the Stanford l’acuity in 1973, he was an Assistant Professor in the
Department of Geological & Geophysical Sciences at Pronceton University for a two-year period. Brown
brings extensive experience in the chemistry and physics of minerals and amorphous materials to this
project. He has utilized x-ray and neutron scattering, various spectroscopic methods (x-rug emission, XPS,
Mossbauer, Raman, FTI1L XAI:;S, X-ruy standing wave, photoemissinn, etc.), and STM/AFM in a wide
variety of geochemical and mineralogical applications. During the past decade, he has had extensive
experience with applications of synchrotron radiation to earth materials problems, with special emphasis on
the application of X-ruy absorption spectroscopy to the analysis of bonding environments mad strueturas of
metal sorption complexes on mineral surfaces and of metals in complex rnin~als, giasses, and
environmental samples. Professor Brown’s present research program includes spoctroscopio studies of
mineral surfaces, chermsorption reactions at mineral-water interfaces, heavy metal contaminants in
environmental samples, and structural studies of silicate melts and glasses, using the spectroscopic methods
fisted above. He has had a long-term collaboration with Prof. George A. Parks (Stanford University) on
the factors controlling heavy metal sorptioo on mineral surfaces and the specintion of heavy metals in
enviromr~ntal samples, including mine wastes and contaminated soils. In addition, Brown has active
collaborations with a number of other scientists, including Dr. James Rytuba (USGS, Menlo Park., CA) on
Hg and As speciation in mine wastes, Dr. Tetsu Tokunaga of LBNL on Se geochemistry, and Prof.
Oeorges Calas (U. Paris) and Prof. Harvey Doncr (U.C. Berkeley) on enviromnental geochetrgstry
problems. Brown is the author or co-author of over 1.50 peer-reviewed publications. He is Past President
and Fellow of the Mineralogical Society of America, a Fellow of the Geologleal Society of America, and
mcetuly ttceivad the Doctor Honoris Cansa Degree from the University of Paris.

Dr. ~m’ge A. Parks (Department of Geological and Environmental Sciences) has a long history of
research exlxa’iance with theoretical and experimental aqueous thermodynamics and the surface chemistry
of oxides and silicates, the sorption behavior and envirom’n~mal geochemistry of heavy metals,
metafiurgioid process development, and computer simulation in these contexts. Professor Parks’ present
research program includes experimental and theoretical work on the cooperative adsorption of inorganic
and organic solutes on oxide minerals and clays, on the hydrolysis mad adsorlxion chemistry of n’~rcury,
uranium, and arsenic, and molecular descriptions of sorption complexes at oxidetwater interfaces (in
collaborution with Brown). Parks is author or co-author of many publications, including a U.S. Patent on
Hg h~h’ometallurgy and a series of reports on the environmemal geochemistry of Hg.

Chris Kim ffgq~artment of Geological and Environmental Sciences) is a fast-year graduate student
working on the environmental geochemistry of mercury with Professor Gordon Brown. Chris received his
B.S. degree in Geological & Geophysical Sciences, summa cure laude, from Princeton University where he
completed a senior thesis on the hosting of contaminant elements in magadfite, an evaporite mineral. He
spent a year in Korea following graduation from Princeton roaching English. His Ph.D. project at Stanford
University involves the specintion of mercury in soils and mining wastes in the Califomin Coast Range.

Dr. Rim Churchill (CA Department of Conservation, Division of Mines and Geology) re, ceivad a Ph.D.
in economic geology from the University of Minnesota in 1980. and has been involved in nun~a"ous
eco~onic geob. gy inv.est.igatiot~ involuting the assessment of mineral deposits. Dr. Oanrchill is presently a
Semor Geoiogqst Special~ who as leading a program to evaluate the enviromr~ntal hazards of historic and
abandoned mines with an emphasis on the mercury mines in CA. He is a technical advisor to the USGS
study of Metal Transport in the S~cramento River" and was a technical advisor to the "Sacramento River
Mercury Control Planning Project".
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Dr. Trade V. King (Geologic Division, U.S. Geological Survey. Denver. CO) is a specialist in tim
assessment uf mineral deposits using imaging spectroscopy. Dr. King has pioneered the development of
techniques for processing AVIRIS data for use in the assessment of environmental effects from mines and
n~ne drainages. Dr. King is currently lead scientist on the USGS project to evaluate Coast Range mercury
deposits using imaging spectroscopy.

Dr. Howard Taylor (Water Resources Division, U.S. Geological Survey, Boulder, CO) is a senior
geochemist and analytical chemist for the U.S. Geological Survey with over 25 years of investigations of
trace metal chemistry in large river and ground water systems throughout the United States. Dr. Taylor is
a senior scientist on the comprehensive USGS study of trace metals in the Mississippi River system that
began in 1987 (Garbarino et at., 1996), and during 1996-1997 has an active collaborator7 on the USGS
Sacramento River Metals Transport Study. Dr. Taylor has perforn~d pioneering development work in
field sampling and processing, and in the laboratory t~chnology of the determination of ultra-tow
concentration levels of trace metals, including n~rcury, in environmental apphcations.

Dr. David Roth (Water Resources Division, U.S. Geological Survey, Boulder, CO) received his Ph.D. in
1994 from Colorado State University; his dissertation work involved ultra-trace analysis of mercury in
environn-~ntal samples. Dr. Roth is a frequent collaborator with Dr. Howard Taylor on mercury studies
(e.g. Roth et al., 1996; Relh and Taylor, 1995, 1997). Dr. Roth is currently involved with Dr. Alpers in
the preparation, isolation, and analysis of colloidal material from the Sacramento River for mercury and
trace metab as part of the Sacramento River Trace Metals Transport Project.
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VI. Compliance with standard terms and conditions

All terms and conditions listed in the Request for Proposals (RFP), Attachment D, are agreeabie with the
exception of item 9 (p. 35 of RFP). As a Federal agency, the U.S. Geological Surcey requires instead a
statement such as the following:

"The USGS agrees to coopera~e to the extent allowed by federal law, in submittal of all claims for
alleged loss, injuries, or damage to persons or property arising fi’om the acts of USGS employees,
agents, subcontractors, or assigns, acting within the scope of their employment in connection with
the perforn~ance of this agreement, pursuant to the Federal Tort Claims Act (28 U.S.C. &2671, et

According to Table D-I in the RFP, the oaly form required at the proposal stage for
"Services/Consulting/PreconstructiontResearch" proposals is item 8, "Non-discrimination compliance." A
statement regarding lhe USGS position on non-discrimination compfiance is attached.

I --0061 1 9
1-006119



;,,IONDISCRIMINAT1ON COMPUANCE STATEMENT    "

--006120
1-006120



Ral’erences and Seleceed Bibliography

Alpers, C.N. and Blowes, D.W. (eds.), 1994, Environmental Geochemistry of Sulfide Oxidation:
American Chemical Society, Washington D.C., ACS Symposium Series, $50, 681 p.

Alpers, C.N., Blov~es, D.W., Nor~stro~t~ D.K:, and Jambor, J.L., 1994, Secondary minerals
and acid nune-water chermstry; m Environmental Geochemistry of Sulfide Mine-Wastes:
Jambor, J.L., and Biowes, D.W. (eds.), Mineralogical Association of Canada, Shert Course Notes,
22, Nepean, Onhario, p. 247-270.

Alpers, C.N., and Nordstrom, D.K., 1997 (in press), Geochemical modeling of water-rock
interactions in mining environments; in The Environmental Geochemistry of Mineral
Deposits. Part A. Processes, Methods, and Health Issues: Plumlee, G.S., and Logsdon,
M.J. (eds.) Society of Economic Geologists, Reviews in Economic Geology, 6, chapter 14, 35 p.

Alpers, C.N., Nordstrom, D.K., and Thompson, J.M., 1994, Seasonal variations in the 7_~’Cu ratio
of acid mine drainage from Iron Mountain, California; in Environmental Geochemistry
of Sulfide Oxidation: Alpers, C.N. and Biowes, D.W. (eds.), American Chemical Society,
Washington D.C., ACS Symposium Series, 550, p. 324-344

Bailey E.H., Hildebrand F.A., Christ C.L, and Fahey J.J. (1959) Schuetteite, a new superger,� mercury
mineral. Amer. Mineral. 44, 1026-1038.

Basgar J.R., Brown G.E., Jr., and Parks G.A. (1997a) Surface compiexation of Pb(ff) at oxide-water
interfaces: I. XAFS and bond-valence determination of mono- and polynuclear Pb01) sorption
products on Al-oxldes. Geochim. Co~rnochim, Acta (in press).

Bargar 1.R., Brown G.E., Jr., and Parks G.A. (1997b) Surface complexalion of Pb(II) at oxide-water
interfaces: H. XAFS and bond-valance determination of manonuclear Pb(ID sorptinn products and
surface functional groups on Fe-oxides. Geochim. Cosmochim. Acta (in press),

Bargar LR., Persson P., and Brown G.E., Jr. (1997c) XAFS study of l:~(II) and Hg(R)-CI- ternary
completes on goethite. J. de Physique IV(in press).

Barnettt, M.O., Harris, LA., Turner, R.R., Henson, R.E., Melton, R.E., and Stevenson, R.1. 0995)
Characterization of mercury species in contaminated floodplain soils, Water Air and Soil Pollution
80, 1105-1108

Brown G.E., Jr. (t990) Sp~troscopic studies of chemisorption reaction mechanisms at oxideAvater
interfaces. In: Mineral-Water Interface Geochemistry, eds. M.F. Hochella, lr. and A.F. White,
Reviews in Mineralogy, Vol. 23, Washington, DC: Mlaeralogical Society of America, pp. 309-
363.

Brawn G.E., Jr., Calas G., Waychuuss G.A., and Petiau L (1988) X-ray absorption spectroscopy m~d its
applications in mineralogy and geochemislry. In F. Hawthorne, ed., Spectroscopic Medgwls in
Mineralogy and Geology, Reviews in Minera~gy lg, 431-512.

Chisholm-Brause C2., Hayes K.F., Roe A.L, Brown G.E., Jr., Parks G.A., and Leckie J.O. (1990)
Spectroscopic investigation of Pb(II) complexes at the a-Al:O~/water interface. GeochintCosmochim. A cta 54,1897-1909.

Engler R. M. and W. H. Patrick 1. (1975) Stability of sulfides of manganese, iron, zinc, copper, and
mercury in flooded and nonflooded soil. Soil Sci. 119(3), 217-221.

Foster A.L., Brown G.E., Jr., Tiogle T.N., and Parks G.A. (1997a) Quantitatiw arsenic speciation io mine
railings us~g x-ray absorption spectroscopy. Amer. Mineral. (submitted).

Foster A.L., Brown G.E., Jr., Parks G.A., Tingle T.N., Voigt D., and Brant]cy S.L (1997b) XAFS
determination of As(V) associated with Fe(B]) oxyhydroaldes in weathered mine tailiogs and
contaminated soil from California, USA. Z de Physique IV (in press).

Foster A_L, Fitts J.P., Peterson M.L, Ostergren I.D., Tralnor T.P., Savage ICS., Bargas LR., Parks G.A.,
and Brown G.E., Jr. (1997c) Environmental geochemistry of chromium, selenium, and arsenic at
mineral-water interfaces: Vleld and laboratory studies. 1996Activity Report, Stmffon:l Synchrotron
Radiation Laboratory.

Garbarino, J.R., Roth, D.A., Ha~s, H.C.,.Amweilor, R.C., Brinton, T.I. and Taylor, H,E., 1994, The
Occurrence and Distribution of Lead and Mercury in the Aqueous Phase, Suspended Sediment and
Bed Sediment of the Mississippi River, invited paper, Effects of Human-Induced Changes on
Hydrologic Systems, Ain~rican Water Resources Association Annual Sunaner Symposium, Jackson
Hole, Wyoming.

Gunneriusson L 0993) Aqueous Speciation and Surface Complexatinn to Goethite (a-FeOOH), of
Divalent Mercury, Lead and Cadmium, Ph.D. Dissertation, University of Ume~.

I --0061 21
1-006121



HayesK.F., Roe A.L., Brown G.E., Jr., Hodgson K.O., Leckie LO., and Parks G.A. 0987) In-sire x-ray
absorption study of suNace complexes at oxide/water i~terfeces: se~nium oxyaMons on
F~OH. Scie~e ~8, 783-786.

Jan~,C. J., Goff, F., and R~uba, J. J, 1994, Mercuw ~ wate~ ~d sed~nts oft~ Wfl~r Hot Sprigs
~, Sulphur Creek M~ing District, C~omia: EOS Tr~tions ~rci~ ~oph~k~ Union, v,
75, no. ~, p. 243.

Julliot F., Morin G., IId~fonse P.. C~ G., ~ev~er P., Populus P., Brown G.E. Jr.. Tr~r T.,
Ostergren J.D. (1997) ~ ~d zi~ s~chtion
E~S. (abstr~t) Eum~an Union of ~o~ M~t~g, S~urg, Fr~ce.

L~ W~er Associ~es, 1996, S~r~nto ~r Me~uo Control P~g ~o~, S~r~nto
Regio~ County S~itation Dist~t Dr~ F~al ~po~, 32

Nordstro~ D.K., ~d ~rs, C.N., 1995, Re~di~ ~vestigations, decgions,
~nseque~es at Iron Moum~ Mi~, C~o~i~ ~oc~gs of Sud~ ’95
the Env~on~nt, H~es, T.P., ~d Bl~chette, M.C. (eds.), May 28 -June 1, 1995,
Sudbu~, Ont~io, C~ada, C~T, ~tawa. v. 2, p. 633~2.

No~tro~ D.K., ~d ~. C.N., 1997 (~ press), Ge~he~st~ of~ ~e waters; ~ The
Env~on~nt~ ~st~ of M~er~ ~pofits. P~ ~ ~oces~ M~od~ ~d He~
I~ues: Phi, G.S., ~d ~g~on, M.J. (eds,), S~iety of ~ono~c ~log~,
Renews m ~ono~c Geolo~, v. 6, chapter 6, 28 p.

NeOn, G. C., R~u~, J. J., McLaughlin, R. J., ~d To~I, R. M., 1993, GoM ~d ~r~
d~sits M the Sulphur Creek District, C~o~ ~ J. J. R~uM ~., Active geot~
~ste~ ~d goM-~rcu~ deposits ~ t~ So~-Cle~ ~e vol¢~ ~lds: C~o~
S~. ~on. G~l. Guide~ok 16, p. 262-269.

Oster~en J.D, Brown G.E., fir., ~d Pm~ G.& (1~) EX~ ¢h~temation of le~ so~tion
c0~lexes on g~tMte ~ the ~se~e of c~nate. (~tr~t) NaO~nal Meeting ~ t~ A~
Chemical Soc~, S~ Fr~ci~o, CA

Os~r~n I.D., T~g~ T.N., Brown G.E., Jr.,
w~tes ~om ~adv~, CO: c~c~ extr~tion, EP~, ~S, ~ ~S ~ve~miom. Abstr~s
~th Program, Geolog~al S~ie~ of Amedca. A~I Meeaag, A-5197.

Pete~n M.L., B~ G.E., Jr., ~d P~ks G.A. (19~0 ~titative de~n of cMo~m v~e
~ envko~ntM ~s m~g ~ s~o~opy.
Oxides, O~d~xMes, ~d Relaud Murals: eds. J.A. Void, B.C. Burr, W. ~y,
Wood, ~ LJ. Cros~y, Matefi~ Res~ch Soc~ S~$im ~gs, Vol. ~, 75-80.

Peterson M.L., Bro~ G.E., Jr., P~ks G.A., ~d Ste~ C.L. (19~b) D~e~ ~ox ~ ~tion of
Cr(I~) on ~turM si~me ~d o~e ~e~: ~S ~ ~S ~ Geochi~
Co~chim. A~a (~ pre~).

P¢terson M.L., ~te A.F., Bro~ G.E., Jr., ~d P~ G.A. (1997c) S~e p~ivmion of ~tite
(Fe304) ~ ~action with ~ueous Cr(~): ~ ~d ~M results. E~ 8c~ & Tec~oL 31,
1573-1576.

Pick~g 1.J., Bro~ G.E., Jr., ~d Tokunaga
tr~mtions ~ Kester~n ~ok ~. Environ. Sci. Tec~oL 29, ~5~59.

Roe &L., Ha~ ~F., C~o~-Brause C.J., B~wn G.E., Jr., Hodg~n ~O., P~
LO. (1~1) X-ray a~tion s~dy of le~
367-373.

Rotg D.~, 1994, ~tra~ce ~g of M~cu~ ~d
t~ United Stm~, P~. Disser~ion, Cobrado

Rotk D.A. ~d TayMr, H.E., 1~7, ~ Ul~nsitiv* T~que for ~� ~mion of
Merc~ ~ ~ueous En~o~n~ S~s, ~o~is ’~, V~, CO

Rotk D.A., Hays, H.C., ~twe~er, R.C., Breton, T.I., G~o, J.~, Peru, D.B., ~d
Taylor, H.E., 1~, Mawr ~d Tr~
Navigation P~ of the ~p~r Mgsi~i~i ~, ~ Moody, J.&, ~, H~olo~,
~ntologic, ~ C~c~ Dma for Water ~d B~ S~
Op~r M~s~i ~r: U.S. ~log~ Su~y ~n-FHe R~ No. 95-708, p.

Ro~, D.~ ~d H.E. Taylor, 1~5, U~ of Stable Isoto~ D~tion i~-~ T~u~ for
~te~afion of Merc~ M En~o~t~ M~e~, In,ted ~, 37~ R~y
Mount~ ~nf~e~e on Rocky Moum~
~lor~o.

I --0061 22
1-006122



Ruth, D.A., Garbarino, J.R., and Taylor H.E., 1995, Major and trace elements, in Moody, J.A., ed.,
Chemical Data for Water Samples Collected During Four Upriver Cruises on the Mississippi River
Between New Orleans, Louisiana, and Minneapolis, Minnesota, May 1990-April 1992: U.S.
Geological Survey Opon-Fde Report 94-523, p. 127-13g

Rytuhn, J. J., 1993, Epithermal precious-metal and n’~reury dopoalts in the Sonoma and Clear
Lake volcanic fields, California, inL J. Rytuba ed., Active geothermal systems and
gold-mercury deposits in the Sonoma-Clear Lake volcanic fields: Soc, Econ. Geol.
Guidebook 16, p. 38-51.

Rytuba, J. J., 1996, Cenozoic metallogeny of California, in Coynsr, A. IL, and Fahey, P. L,
eds., Geolog3’ and Ore Deposits of the American Cordillera: Geological Society of
Nevada Symposium Proceedings, Reeo/Sparks, Nevada, April, 1995, p. 803-822

Rytuba,J. J., 1997, Environmental geochemistry of mercury deposits in the Coast Range
mercury belt, CA, Fourth International Symposium Envirorar~ntal Geochemistry,
Program and Abstracts, in press

Rytuba, J. J., Donnelly-Nolan, J. M., and McLanghlin, R.2"., [993, The Geysers geothermal ar~a
and mercury deposits in the Clear Lake vo]cainc field: Road log, in J. J. Rytuba ed.,
Active geothermal systems and gold-mercury deposits in the Sonoma-Clear Lake
volcanic fields: California, Soc. Econ. Geol. Guidebook 16, p. 153-170.

Rymba,J. J., Dormelly-Nolan, J. M., and McLaughlin, R.J., 1993, Hot springs and deposits of mercury and
gold in the Clear Lake volcanic field: Road lo tg~. J. J. Rytuba eeL, Active geothermal systems and.
gold-mercury deposits in the Sonoma-Clear Lake volcanic fields: California, Soc. Econ. Geol.
Guidebook 16, p. 270-289.

Rytutra,JJ., and Heropouins, Chris, 1992, Mercury in epithermal gold systems--an important by-product
in John H. De Young, Jr, and Jane M. Hatranarstron~ eds. Contributions to Commodity Geology
Research: U.S. Geological Survey Bulletin 1877, p. D-l-D8

Ry~uba, J. J. and Klein, D. P., 1995, Almaden Hg deposits, in E. A. DuBray ed., Preliminary compilation
of descriptive geocuvironmcutal mineral deposit models, U.S. Geological Survey Olin-File Report
95-831, p. 193-198.

R~uba, I. J. and Kleinkopf, M. D., 1995, Silica-carbonate Hg depos~e,s, in E. A. DuBray ed., Preliminary
compilation of descriptive g~cenvironmt:ntal mineral deposit models, U.S. Geological Survey
Open-File Report 95-831, p. 199-203.

Rytuba, J. J., and Miler, W. R., 1994, Environmental geochenfistry of active and extinct hot spring
mercury deposits in the California Co,at Ran~s: in USGS Re,arch on Mineral Resourees-1994
Part A-Program and Abstracts: U.S. Geological Survey Circular 1103-A, p. 90-91.

Rymba, J.J., and Tunell, George, 1978, 80-0 Mercury--Relation to other elements, economic importar~e
etc., in Wedopohl, K.H., ed., Handbook of geochemlst~. New York p. 80-0-1-11.

Suchanek, T.H., Rich~rson, P.J., Holts, L.J., Lampbere, B.A., Woodmansee, C.E., Slotton, D.G., Harner,
E.J., and Woodward, L.A., (1995) Impacts of mercury on benthic invertebrate populations and
cowanonities within tile aquatic ecosystem of Clear Lake, CA, Wafer Air and Soil Pollution 80,
951-960.

Slotton, D.G., Ayers, S.M., and Reuter, J.E., Goldman, C. R., 1996, Gold mining impacts on food chain
mercury in northwestern Sierra Nevada Stre~ma, University of Califorala Water Resources Center
and Sacramento Saintati~n District, Dral~ Final Report, 71 p.

Slotrnn, D.G., Sucbsnek, T.H., A3~rs, S.M., and Reuter, J.E., Mercury bioaceumu]ation in Norther
California. SETAC Annual Meeting Program with Abstracts (in press)

Taylor,H.E., Jacobs, M.L. and Brown, R., 1972, The Analysis of Mercury in Biological
Materials by Non-Flame Atomic Absorption Spectrophotometry: ]4th Annual Rocky
Mountain Spe~tro~opy Conference, l~nver, Colorado

Taylor,H.E., Jacobs, M.L. and Brown, R., 1973, Analysis of Trace Mercury in Enviroarnantal
and Binlogical Materials: 1973 Pittsburgh Confercuce on Analydeal (~qemistry and
Applied Spectroscopy, Cleveland, Ohio

Taylor,H.E., 1993, A T~:hnlque for the Measurment of Ultra-low Concentration Levels of rig
in Eavh’onm~ntal Materiads, including Field Sampling and Preservation Considerations,
Plenary Lecture, International Symposium for Mercury in Tropical Ecosystems,
Corporacion Venezolana de Guayana and U.S. Forest Service, Puerto Orduz, Venezuela

Taylor, H.E., Antweiler, R.C., Brinton, T.I., Ruth, D.A., and Moody, J.A., 1994, Major Ions,
Nu~ents and Trace Elements in the Misslsslppi River near Thehes, Bllnois, July through

I --006123
1-006123



September, 1993 in Floods in the Upper Mississippi River Basin, 1993: U.S, Geological
Survey Circular 1120-D, 21 p.

Taylor,H.E., Berghoff, K., Andrews, E.D., Antwei]er, R.C., Brinton, T.L, Miller. C., Peart, D.B., and
Roth D.A,, 1997, Waler Quality of Springs and Seeps in Glen Canyon
National Recreation Area:National Park Service Technical Repor~
S/NRWRD/NRTR971128, 26p.

Tokunaga T., Brown G.E., Jr., Picketing I.J’., Sutton S.R.. and Bait S. (1997) Selenium transport between
ponded waters and sediments. Environ. Sci.& Teclmol. 31, 1419-1425.

Tokuaaga T., Picketing I,J,, and Brown G,E., Jr. (1996) X-ray absorption sl~ctroscopy studies of
selenium transformations ha ponded sediments. Soil Sci. Soc. Amer. J. 60, 781 - 790.

I --0061 24
1-006124



MINES AND PROSPECTS
AND THERMAL SPRINGS AND WELL,~

~ Mercury Mine or
Prospect

¯ Tf~errnaf Spring
or Well

[D Watershed
Area

Miles

Figure 1, Location of mercury mines, prospects, and therm~ springs in the Cache Creek Watershed,
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Figure 2. Location of existing and proposed gaging stations in the Cache Creek watershed,


